␣-Dystroglycan (␣-DG) 5 is an evolutionarily conserved glycoprotein component of the dystrophin complex, which is responsible for anchoring the cellular cytoskeleton to the extracellular matrix (ECM) (1) (2) (3) . ␣-DG is known to be required for proper skeletal muscle cell integrity and attachment to the ECM. Loss of ␣-DG function is responsible for certain forms of muscular dystrophy in humans, a number of which are due to mutations in the glycosyltransferases that modify ␣-DG (2, 4). Furthermore, changes in ␣-DG glycosylation are also associated with various neurological and eye defects, and abnormal kidney morphology (3, 5) , indicating its role across multiple organs and tissues. In addition to being required for proper cell/ECM attachment in diverse organ systems, ␣-DG is a point of engagement in infection by several viruses, including lymphocytic choriomeningitis virus and Lassa virus (6, 7) .
The diseases that result from the loss of ␣-DG function are referred to as dystroglycanopathies (8, 9) and fall under the category of congenital disorders of glycosylation. One glycosylation event of particular interest is the addition of ␣-O-Man on serines and threonines within the mucin-like domain of ␣-DG. This has been the focus of considerable attention not only because defects in the O-Man glycans have been associated with disease (4), but also because it was the first, and remains the only well characterized example of this type of protein mod-ification in higher animals (10 -12) , although other instances have been indicated (13, 14) . This glycosylation is initiated by a pair of enzymes, protein O-mannosyltransferase 1 or 2, which act in concert in the endoplasmic reticulum to catalyze the addition of O-Man (2, 15, 16) . O-Man sugars are then further extended, commonly to form the tetrasaccharide NeuAc-␣2-3Gal-␤1-4GlcNAc-␤1-2Man-␣-O-S/T (3). Although mutations in the enzymes responsible for the assembly of this O-Man glycan are associated with various forms of muscular dystrophy (2, 4) , the specific mechanism by which this glycan impacts function of ␣-DG is not yet known. Interestingly, recent studies have uncovered yet another glycan based on an O-Man-6-phosphate structure on ␣-DG that has been shown to interact with laminin (17, 18) , a function associated with the ability of ␣-DG to mediate attachment to the ECM. Altogether these data highlight both the importance and complexity of glycan modifications on ␣-DG.
The presence of another sugar modification, O-GalNAc, on serines and threonines of ␣-DG has been identified as well (10 -12, 19) . In contrast to the addition of O-Man, which occurs in the endoplasmic reticulum, O-GalNAc sites are initiated subsequently in the Golgi apparatus by a family of enzymes known as the ppGalNAc-Ts (20 -22) . The ppGalNAc-T family of enzymes are type II transmembrane proteins that contain a catalytic domain and a lectin-like carbohydrate-recognition domain found within the lumen of the Golgi apparatus (20 -22) . This family is subdivided into members that will add GalNAc to unmodified peptides (peptide transferases) and those that will only add GalNAc to substrates that already contain a GalNAc sugar (glycopeptide transferases). How the extant GalNAc on glycopeptide substrates is recognized by the ppGalNAc-T enzymes is not completely understood. However, previous studies suggest that both the catalytic and lectin domains can influence the sites of subsequent GalNAc addition (23) . In the case of ppGalNAc-T2, the lectin domain appears to be responsible for recognizing extant GalNAcs, whereas the catalytic domain takes on this function in ppGalNAc-T10 (23) .
Aberrations in the O-GalNAc glycans of ␣-DG have not yet been associated with muscular dystrophy, although evidence from cell culture studies have implicated these glycans as potentially participating in the elaboration of the structure on ␣-DG that contributes to its laminin binding capacity (24, 25) . At present the molecular basis for only a little more than half of the dystroglycanopathies have been defined (9) , suggesting that defects in other activities, perhaps involving synthesis of OGalNAc glycans, may be contributing factors. The O-Man and O-GalNAc glycans are predominantly restricted to certain respective regions of the ␣-DG mucin-like domain, implying regulation of the action of the ppGalNAc-Ts. Furthermore, O-GalNAc addition is required for viability in Drosophila (26 -28) and is known to affect ECM protein secretion (29) and protease sensitivity (30) . Additionally, the presence of O-GalNAc glycosylation can influence peptide and protein structural properties, stabilizing more extended structures in regions where these glycans are present (31, 32) , in contrast to the effects of O-Man modifications that have more modest conformational effects (33, 34) . The molecular morphology of ␣-DG as revealed by electron microscopy (35, 36) indicates N-and C-terminal globular domains separated by a central extended region. The latter is similar to that found in conventional mucins. Glycosylation mapping (10 -12) indicates that the N-terminal portion of the mucin domain is predominantly modified by O-Man, which would allow a globular character, whereas the region that follows has a greater prevalence of O-GalNAc, likely contributing to the extended region. If O-GalNAc modifications were aberrantly present at the extreme N terminus, the organization and interactions might be perturbed. It is expected that disruption of the tertiary structure of the N-terminal domain would be detrimental to function. The highly conserved sequence and the organization of the O-glycosylation suggest a significant structure/function relationship in these features for ␣-DG.
Given the biological importance of O-Man and O-GalNAc glycans and the regional distribution of both in ␣-DG (10 -12), we set out to investigate the interplay of these two modifica- (10, 11) . From our in vitro results, which recapitulate patterns observed in the native rabbit skeletal muscle ␣-DG (10), we demonstrate that O-Man modifications at certain sites can substantially suppress, as well as alter sites of GalNAc addition. Thus one form of glycosylation can affect the presence and position of other forms of glycosylation. These studies shed light on the interplay between distinct forms of glycosylation on the same protein and suggest that changes in one form of glycosylation may impact the abundance and position of other forms of glycosylation in vivo, possibly contributing to variations in disease severity or presentation.
EXPERIMENTAL PROCEDURES
Expression of Secreted, Recombinant ppGalNAc-TsppGalNAc-T isoforms were expressed as recombinant enzymes as described previously (43) . Briefly, COS7 cells were grown to ϳ90% confluence and transfected with each recombinant ppGalNAc-T as described. Recombinant enzymes were harvested directly from the media of transfected cells and used in enzyme assays.
Glycosyltransferase Assays-Assays for ppGalNAc-T activity were performed as described previously (28), but in the absence of Triton X-100. Briefly, media from COS7 cells expressing recombinant enzymes were harvested and equal volumes were used in the in vitro reactions with: 7.3 M [
14 C]UDP-GalNAc (54.7 mCi/mmol; 0.02 mCi/ml), 44 M cold UDP-GalNAc, 40 mM cacodylate (pH 6.5), 40 mM 2-mercaptoethanol, 10 mM MnCl 2 , and 500 M of the acceptor substrates. All reactions were performed in duplicate at 37°C for 1 h. Reaction products were purified by anion exchange chromatography and [ 14 C]GalNAc incorporation was measured. Reactions using media from cells expressing empty vector alone were used as negative controls and yielded background values that were subtracted from each experimental value. Additional negative control reactions were run for each enzyme in the absence of acceptor peptide. These background values were also subtracted from each experimental value. The adjusted experimental values were then averaged, and standard deviations were calculated. Enzyme activity is expressed as dpm/h. ppGalNAc-T isoforms that displayed activity against appropriate positive control peptide substrates were used in this study, including ppGalNAc-T1 (44), -T2 (45), -T3 (46), -T4 (43), -T5 (47), -T7 (48), -T10 (49), -T11 (26), and -T16 (22) . Positive control peptide substrates were EA2 (PTTDSTTPAPTTK) (50) and MUC5AC-3/13 (GTT*PSPVPTTSTT*SAP) (where * denotes a GalNAc modified residue) (51) .
Quantitative Real-time PCR-Mouse skeletal muscle and kidney total RNA were purchased from Clontech Laboratories. cDNA synthesis was performed using the iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR primers for the genes (Galnts) encoding the ppGalNAc-T enzymes were designed using Beacon Designer software (Premier Biosoft) and are shown in supplemental Table S1 . Quantitative real-time PCR was performed on a CFX96 Real-time system (Bio-Rad) using SYBR Green PCR Master Mix (Bio-Rad). Gene expression was normalized to the 29 S rRNA. Assays were run in triplicate.
Glycosyltransferase Assays for Mass Spectrometric AnalysisMedia from COS7 cells expressing recombinant enzymes were harvested and equal volumes of media were used in the in vitro reactions with: 440 M cold UDP-GalNAc, 40 mM cacodylate (pH 6.5), 40 mM 2-mercaptoethanol, 10 mM MnCl 2 , and 500 M of the acceptor substrates. All reactions were performed for 24 h in the presence of protease inhibitors (Sigma P8340 and P8849).
Analysis of Sites of Modification via Mass
SpectrometryWith the exception of some products from the enzyme reactions on the peptide Ac-PPTTTTKKP-NH 2 for which collision-induced dissociation mass spectrometry (MS) methods were used, electron transfer dissociation (ETD) mass spectrometry methods were employed. For ETD, the resulting peptides were resuspended in 1% formic acid, 50% acetonitrile and directly infused at 0.5 l/min into a linear ion trap equipped with ETD (LTQ XL-ETD from ThermoFisher). The substrate peptide as well as m/z ions corresponding to the addition of 1 to 2 GalNAc residues were manually trapped and fragmented via activated ETD (using a 100-ms reaction time with fluoranthene). The resulting fragmentation spectra were analyzed using Bioworks (ThermoFisher) and assigned sites of modification were confirmed via manual inspection. A parent ion monitoring mode via LC-MS/MS (LTQ-Orbitrap XL; ThermoFisher) was used to study the products of Ac-PPTTTTKKP-NH 2 . The resulting fragmentation spectra were analyzed using Proteome Discover (ThermoFisher) and validated by manual inspection. 2 , and Ac-RIRTTTSGVPR-NH 2 -The peptide chain assembly was carried out with solid phase techniques, starting with Fmoc-PAL-PEG-PS resin (150 mg, 0.18 mmol/g). Side chain protection was provided by Pbf for Arg and t-Bu for Ser and Thr. 2 eq) were carried out for 8 and 4 h, respectively. Double couplings were also applied to Fmoc-Thr(t-Bu)-OH and Fmoc-Arg(Pbf)-OH (both 3 eq). Ac-RIRTTTSGVPR-NH 2 was synthesized on a ABI 433A peptide synthesizer using standard protocol with 10 eq of Fmoc-amino acids. Peptide cleavage from the corresponding resin was realized in a glass vessel (25 ml) by treatment with Reagent B, TFA: phenol:H 2 O:triisopropylsilane (88:5:5:2, 3 ml), under stirring for 2 h at 25°C. The peptides were precipitated by adding cold anhydrous ether (100 ml) to the filtrates, and purified by semipreparative RP-HPLC. For O-acetylated glycopeptides, deacetylation reactions were carried out with NaOMe in methanol (pH was adjusted to ϳ9, as detected by wet litmus paper), and monitored by analytical RP-HPLC. The de-acetylation reactions were complete within 5 h and quenched by adding powdered CO 2 (dry ice) to pH ϳ 6. The corresponding glycopeptides were obtained after a second purification. The final peptide yields were 15-45% based on the initial loading of the resin. All the peptides were confirmed by MALDI-TOF (observed for glycopeptides, [M ϩ H] ϩ , 1446.8; for plain peptide,
Solid Phase Peptide Synthesis of Ac-RIRT(␣-D-Man)TTSGVPR-NH 2 , Ac-RIRTT(␣-D-Man)TSGVPR-NH 2 , Ac-RIRTTT(␣-DMan)SGVPR-NH 2 , Ac-RIRTTTS(␣-D-Man)GVPR-NH
ϩ , 1284.7). The synthesis of constructs in the Ac-PPTTTTKKP-NH 2 series has been reported (33) . Assay of Enzyme Activity on Defined Peptide and Glycopeptide Substrates-Initially we tested the ability of various members (ppGalNAc-T1, -T2, -T3, -T4, -T5, -T7, -T10, -T11, and -T16) to glycosylate each set of peptides and glycopeptides derived from ␣-DG, along with appropriate positive controls (Figs. 1, 2 , and supplemental Figs. S2 and S3). Quantitative realtime PCR analysis of the expression of the genes encoding members of the ppGalNAc-T enzyme family (Galnts) in mouse skeletal muscle and kidney demonstrated that multiple family members are present in each tissue, with ppGalNAc-T1, -T2, and -T11 being most abundant in muscle, and ppGalNAc-T11, -T1, and -T3 being most abundant in kidney (supplemental Fig.  S1 ). Of the enzymes tested, only ppGalNAc-T1, -T3, and -T5 exhibited activity against any of the ␣-DG peptides or glycopeptides ( Figs. 1 and 2) . The other ppGalNAc-T isoforms tested, including glycopeptide transferases ppGalNAc-T7 and -T10, did not show GalNAc incorporation into any of the ␣-DG substrates, although they did incorporate GalNAc into previously defined positive controls (supplemental Figs. S2 and S3) .
RESULTS

O-Mannose Affects Sites of GalNAc
Initial rates of GalNAc addition by ppGalNAc-T1, -T3, or -T5 to unmodified ␣-DG peptides as well as O-mannosylated versions are shown in Figs. 1 and 2 . ppGalNAc-T1 readily glycosylated the unmodified version of PPTTTTKKP as well as PPT#TTTKKP (where # denotes the presence of O-Man on the first threonine) but did not act appreciably on PPTTTT#KKP or PPT#TTT#KKP (Fig. 1) . Similar results were seen with ppGalNAc-T3 and -T5 (Fig. 1) . These data indicate that ppGalNAc-T1, -T3, or -T5 can glycosylate this region of ␣-DG in the absence of O-Man or when O-Man is present on the first threonine. However, the presence of O-Man on the fourth threonine of this peptide abrogated the ability of ppGalNAc-T1, -T3, or -T5 to transfer GalNAc to any of the remaining positions.
We next examined the peptide RIRTTTSGVPR and its monomannosylated derivatives. The choice of substrates was based on analysis of glycoforms from this fragment of native ␣-DG that had shown a maximum of one O-Man present in them (10) . ppGalNAc-T1 added GalNAc to the unmodified peptide as well as RIRTTTS#GVPR (where O-Man is on the serine) to equivalent levels (Fig. 2) . Additionally, ppGalNAc-T1 also added a small amount of GalNAc to RIRT#TTSGVPR. However, ppGalNAc-T1 did not add GalNAc to RIRTT#TSGVPR or RIRTTT#SGVPR, indicating that the presence of O-Man on the second or third threonine of this sequence interfered with GalNAc addition by ppGalNAc-T1. Similar results were obtained for ppGalNAc-T5 (Fig. 2) , indicating that its activity is also sensitive to the presence of O-Man on the second or third threonine. ppGalNAc-T3, however, added GalNAc to RIRTTTS#GVPR, RIR-T#TTSGVPR, and RIRTTT#SGVPR but not RIRTT#TSGVPR, indicating that ppGalNAc-T3, like ppGalNAc-T1 and -T5, is significantly inhibited by O-Man on the second threonine (Fig.  2) . These results are fully consistent with what is found in rabbit skeletal muscle, where at most one O-Man was present even in glycoforms of this segment with GalNAc, and O-Man is the unique modification when it is on the second threonine (10) . The other glycoforms from this region, where O-Man was not on the second threonine, had a total of two modifications, one each of O-Man and O-GalNAc. These observations suggest that In the absence of O-Man, ppGalNAc-T1, -T3, and -T5 added GalNAc at the fourth threonine on the PPTTTTKKP sequence (Fig. 4) . As mentioned previously, when O-Man was present on the fourth threonine, GalNAc addition by ppGalNAc-T1, -T3, or -T5 was inhibited. When O-Man was present on the first threonine (PPT#TTTKKP), the preferred site of GalNAc incorporation by ppGalNAc-T1 or -T5 continued to be the fourth threonine, but the preferred site of GalNAc incorporation by ppGalNAc-T3 was changed to the third threonine (Fig. 4) . These were the only singly modified forms detected in the MS/MS experiments. Diglycosylated forms were detected as well with ppGalNAc-T1 adding to the third threonine and ppGalNAc-T3 adding to the fourth threonine. The absence of evidence for singly glycosylated sites at these latter sites indicate that these were secondary modifications. Thus, whereas O-Man at specific sites is compatible with subsequent GalNAc addition by ppGalNAc-T1, -T3, and -T5, at others it is not. Also, O-Man on the first threonine can alter the subsequent position of GalNAc addition by ppGalNAc-T3.
For the unmodified RIRTTTSGVPR peptide, the third threonine was the primary site of addition by ppGalNAc-T1, -T3, or -T5 (Fig. 4) . This is a residue identified in native ␣-DG as bearing an O-GalNAc (10). When mannose was present at the first threonine (RIRT#TTSGVPR) or the serine (RIRTTTS#GVPR), the third threonine continued to be the primary site of addition by ppGalNAc-T1, -T3, or -T5 (Fig. 4) . As noted above, when O-Man was present on the third threonine (RIRTT#TSGVPR), addition of GalNAc by ppGalNAc-T1 and -T5 was inhibited. Interestingly, ppGalNAc-T3 was still able to add GalNAc to this glycopeptide, but now on the second threonine (Fig. 4) . This was the only instance we found where this threonine residue was modified with GalNAc. These results provide additional examples where the presence of O-Man can inhibit the subsequent addition of GalNAc by certain members of the ppGalNAc-T family as well as alter the site of GalNAc addition.
DISCUSSION
The emerging appreciation of the importance of O-Man glycans and their coexistence with O-GalNAc modification in the biologically important glycoprotein ␣-DG (10 -13), raises the question of how the initial O-mannosylation process affects the disposition of subsequent O-GalNAc glycans. The importance of ␣-DG glycosylation is illustrated by the human muscular dystrophies, many of which are due to mutations in glycosyltransferases that normally modify ␣-DG to mediate its ability to attach to the ECM (2). Although installation of O-Man and the enzymes responsible for its elaboration are primarily implicated in ␣-DG function, there are a number of examples of dystroglycanopathies where mutations are not found in either ␣-DG or enzymes presently known to be responsible for the synthesis of O-Man glycans, potentially implicating other forms of glycosylation in this disease (reviewed in Ref. 9 ). Additionally, the heterogeneity of clinical presentation, even in cases where the mutation has been identified, suggests there are other factors that contribute to ␣-DG function and disease severity. Thus, understanding how the diverse forms of glycosylation present on ␣-DG can influence one another is the first step in understanding the phenotypic diversity present in muscular dystrophies. In exploring the relationship of these two forms of O-glycosylation in ␣-DG we present evidence that one form of O-glycosylation can influence the subsequent addition as well as location of another form of glycosylation.
Our (33, 34) . How these changes in glycosylation may affect the functional properties of ␣-DG in vivo remains to be determined.
In contrast, the second sequence we examined, 479 
RIRTTTS-GVPR
489
, has a similar contiguous cluster of four potential sites for O-glycosylation, but shows a more complex pattern of glycoforms with both O-Man and O-GalNAc structures intermingled within this cluster (10) . Here we have demonstrated that ppGalNAc-T1, -T3, and -T5 isoforms are able to reproduce the salient features of native glycoforms associated with this segment, thus supporting the validity of our approach using glycopeptides and recombinant enzymes. The comparative results of the two sequences examined indicate a role both for the underlying peptide and the sites of pre-existing glycan modifications in delineating the eventual sites of O-GalNAc addition. Although preferences of ppGalNAc-T activity as a function of other amino acids adjacent to the single threonine glycosylation acceptor site have been reported (37, 40) , no data on the action or specificity of these enzymes on O-mannosylated glycopeptides has been examined previously.
From the results described here, it is evident that O-Man modifications on neighboring loci can significantly bias the subsequent activity and site selectivity of ppGalNAc-T enzymes. The influence of pre-existing O-GalNAc sites on ensuing GalNAc addition by ppGalNAc-Ts has been reported for several short glycopeptides with clusters of acceptor sites. The findings in the cases of isoforms -T1, and -T3, generally indicate a preference for addition to a neighbor on the N-terminal side of an existing site of GalNAc modification (41, 42) . In contrast, for the 419 -427 fragment, we found that O-mannosylation suppresses addition to Thr residues on the N-terminal side, but allows addition to C-terminal sites. In the case of the 479 -489 glycopeptides, ppGalNAc-T activity could add to either side of the O-Man (Fig. 4) . In each instance, the effects are qualitatively similar for all three active isoforms, suggesting similarities in the environment adjacent to the catalytic site. Interestingly, two members of the ppGalNAc-T family that require pre-existing O-GalNAc modifications on glycopeptide substrates, ppGalNAc-T7 and -T10 (40, 48, 49) , showed no activity on any of the O-mannosylated substrates used in the present study. It is anticipated that O-Man and O-GalNAc glycopeptides would interact differently with the enzymes, given the differences in the structure of the sugar residue and the conformational properties of the glycopeptides (33, 34) .
Because the short length of the substrates used would not accommodate binding by both the catalytic and lectin domains of the ppGalNAc-Ts, the preferences we have detected would predominantly arise from the specificity imparted by the catalytic domains of the enzymes. In the in vivo environment there are likely additional factors and components that impact this process, including potential interactions involving the lectin domains of the ppGalNAc-Ts, which may preferentially direct activity to sites based on pre-existing glycosylation on ␣-DG (23) . This may explain why we did not observe GalNAc added to Ser 485 in our experiments, although it was observed in one of the glycoforms of the 479 -489 tryptic fragment from rabbit muscle ␣-DG (10). Nevertheless, the close correspondence between native glycosylation patterns found for rabbit muscle and those produced on our glycopeptides suggests that the preferences of the catalytic domains of the ppGalNAc-Ts have a significant influence. The ppGalNAc-T1 isoform is the most abundant in muscle (supplemental Fig. 1) , and is the only isoform present in appreciable amounts in that tissue that we found active with ␣-DG-derived peptides and glycopeptides, suggesting its importance in processing ␣-DG in tissue. There are no data presently available that address the additional issue of whether extension of the O-Man, which in most cases would involve action of the POMGnT1 enzyme adding a GlcNAc through a ␤1-2 linkage (2), occurs before or after ppGalNAc-T modifications, and how it might impact the latter. In conventional mucin structures, extension of a pre-existing GalNAc can have a detrimental effect on ppGalNAc-T activity at nearby sites (41) . The influence of more extended O-Man glycans of ␣-DG on GalNAc addition will be a fruitful area for future investigation.
The spatial and temporal separation of O-mannosylation and O-GalNAcylation processes effectively minimizes competition for the same sites of addition on ␣-DG. However, it has recently been suggested that under situations where Src kinase is activated, retrograde trafficking can relocate certain ppGalNAc-Ts to the endoplasmic reticulum (55), potentially allowing competition for sites of O-Man and O-GalNAc addition. Thus in various diseases associated with overexpression of Src (56) and/or altered glycosylation of ␣-DG (54, 57), one should consider how disruption of sequential glycosylation may be participating. Not only should the primary perturbation of O-mannosylation pattern be considered, but the effective gain of function for the ppGalNAc-Ts and/or changes in the site of GalNAc addition should be investigated as well. The specific glycosylation changes occurring in vivo where O-mannosylation is altered can be explored with cell culture systems using cell lines where glycosyltransferase enzyme expression has been manipulated (25) .
In summary, we have investigated the interplay of two distinct forms of glycosylation found on ␣-DG. We demonstrate that the presence and position of O-Man influences the presence and location of subsequent O-GalNAc addition by the ppGalNAc-Ts, and can account for significant and in some regions dominant features in the pattern of O-GalNAc glycosylation observed in ␣-DG. We anticipate that such effects will be seen in other O-Man containing glycoproteins as they are characterized and examined in more detail. Our results suggest that loss or changes in one form of glycosylation may influence other forms of glycosylation in vivo, potentially contributing to the diversity of clinical presentations seen in human muscular dystrophies.
